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Abstract
This paper reports a methodology to define and select basic activities for spatially variable
N-management, referred to as management tracks. Their main purpose is to support decision
making whether or not to apply variable nitrogen fertilisation. The methodology is based on
biophysical simulation of crop growth and nitrogen leaching (WAVE) in combination with
economic optimisation (linear programming) and enables a normative environmental-eco-
nomic evaluation of site specific N-management to be made. The partial results of a case
study with an input-intensive and an input-extensive crop (ware potato and winter wheat,
respectively) showed that site specific nitrogen management led to positive returns over
variable costs compared to uniform N-application, conditional on the validity of the WAVE
model used in simulating yield effects. The investments that could be allowed for at maxi-
mum were 6,300 Dfl and 13,500 Dfl for winter wheat and ware potato, respectively, assum-
ing application to an area of 100 ha, A pollution tax or a tax on nitrogen designed to inter-
nalise pollution costs in agricultural production raises these maximum amounts to 7,600 and
33,700 Dfl, respectively. Practical feasibility requires site-specific nitrogen management to
be integrated with time specific management since optimal N-tracks were found to be highly
weather dependent. Besides, spatially variable management cannot be achieved unless good
farming practices (soil testing and crop scouting) are already in place.
Keywords: site specific management, sustainability, nitrogen fertiliser, water quality, risk
Introduction
Site specific management (SSM), or sub field management, bases crop management
on the spatial variability of agronomic characteristics (soil, crop, pests) that are pre-
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sent in most fields (Verhagen, 1997). SSM is the spatial component of precision
agriculture. The temporal fine-tuning of crop management is the other aspect of pre-
cision agriculture that may result in a more efficient nutrient management (Van
Alphen & Stoorvogel, 2000b). To register and manage field variability, SSM uses
global positioning systems (GPS) together with geographical information systems
(GIS) and specialised equipment. Management decisions in precision farming have
strategic, tactical and operational dimensions (Bouma, 1997a). In this paper we fo-
cus on the tactical aspects of SSM. Tactical decisions are taken before the growing
season and deal with cropping plan, selection of varieties or the choice between uni-
form and SSM-application of nutrients and pesticides (Smit, 1996).
Variable management within fields holds the promise of both economic and envi-
ronmental benefits through improved input productivity (or input use efficiency). A
related, third possible benefit is reduction of the management risks incurred by vari-
able weather conditions, i.e. when more stable yields stabilise net revenue over time
and when peaks in nitrogen leaching can be prevented. SSM reduces the variability
in growing conditions and could thereby reduce the variability in yield and in nitro-
gen emission.
The objective of this paper is a methodology that makes it possible to compare
uniform and SSM-application of chemical nitrogen fertiliser in arable crops under
Dutch conditions. Specifically, we present a methodology to determine and select
basic activities for N-application, referred to as management tracks. Their main pur-
pose is to support decision-making in precision agriculture, i.e. the decision whether
or not to apply SSM. Our approach combines biophysical simulation with economic
optimisation and enables a normative environmental-economic evaluation of site
specific N-management to be made. First, we assess management tracks both for
uniform and site-specific nitrogen application by means of simulation. Second, the
results of the biophysical simulations are gathered in a linear programming model of
profit maximising N-management that selects the optimal tracks. Next, the optimal
tracks are used to assess the financial and environmental net benefits of site specific
N-management for individual crops. The two main questions in the economic evalu-
ation are (l) to quantify the positive returns over variable costs of SSM compared to
uniform N-application, and (2) what variable and fixed costs and investments (addi-
tionallabour, sampling and equipment) would be allowed for at maximum.
The methodology was applied for an input-intensive and an input-extensive crop
(ware potato and winter wheat, respectively) on a commercial farm located in the
South-western part of The Netherlands. Arable farming in this part of The Nether-
lands is characterised by rotations of mainly potato, sugar beet and winter wheat and
relatively small fields (between 5 ha and 25 ha). The economics accompanying SSM
depend on the ecophysiological parameters that determine crop-soil variables and
farmers' N-management activities. The ecophysiological parameters are largely in-
fluenced by weather variables (rainfall, temperature and radiation) that vary from
year to year. This variation and its impact on SSM economics were given special at-
tention in this study.
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Materials and methods
The methodology developed is visualised in Figure I. Following Van Alphen and
Stoorvogel (2000a), management units are defined as areas within a field with iden-
tical growing conditions; they are discerned through a detailed soil inventory and a
mechanistic crop-soil simulation model providing estimations on crop production
and nitrogen leaching for individual soil sampling locations. These point observa-
tions are classified to a limited number of management units. More information on
the methodology applied is given in Van Alphen and Stoorvogel (2000a). Next, sim-
ulations are carried out for various N-management options (management tracks) for
each management unit separately using climatic records from a weather station. The
resulting data provide input for a linear programming model ofN-management at the
field level. This optimisation procedure then assesses the optimal track for each
management unit.
Management tracks
The notion 'management track' plays an important role in the analysis of site-specif-
ic management (Bouma, 1997b). In our case, a management track is defined as the
combination of timing, dose and way of application of chemical nitrogen (N). Tim-
ing deals with the number of applications, since in many crops splitting of N is ap-
plied, and the dates of application. The total dose can be divided into two or more
split applications, which may differ in size. The method of application can be broad-
cast or row application. In this paper, only the more common way of broadcast appli-
cation is taken into account.
Besides input variables, a management track is defined by output variables - mea-
sured, calculated or assessed by simulation - characterising different aspects of sus-
Management units Weather data Simulation model Management tracks
I-I-..------JI
Simulation runs
Simulated yield/N-leaching/mineral N-reserve
Economic optimisation
Optimal management tracks
•NPV (Net Present Value) assessment
Figure 1. The methodology for the ex-ante assessment of the economic perspectives of precision agri-
culture.
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tainability; see Stoorvogel et al. (2001). In this study, five output variables were in-
cluded:
(1) yield: in the case of winter wheat, fresh yield with a standard moisture content of
15%; in the case of ware potato, dry matter yield, which was transferred into
fresh weight, assuming a dry matter content of 21 %; in kg ha-1;
(2) variable costs and returns over variable costs, in Dfl ha-1 (Dfl = Dutch guilder;
1 Dfl '" 0.5 US$);
(3) post-harvest N-leaching, i.e. between harvest and 1 January of the next year, in
kg ha-1;
(4) post-harvest mineral N-reserve in the rooted soil zone, having a depth of 100 cm
for winter wheat and of 60 cm for ware potato, in kg ha-1; the N-reserves are
linked to the uptake zones of the different crops.
(5) risks on a) low returns over variable costs, b) high post-harvest N-leaching, and
c) high post-harvest mineral N-reserves; all in %.
We will return to the assessment of these output variables by simulation later on. The
identification and selection of the management tracks was mainly based on N-fertili-
sation schemes in crop grower's handbooks; besides, alternative tracks were formu-
lated through adaptations of the total dose of N applied and of the number and dates
of application. The adaptations were selected in such a way that changes in output
(yield, N-losses, risks) were expected to be found.
Simulation model
Local growing conditions were simulated using the mechanistic, deterministic
WAVE model (Water and Agrochemicals in soil and Vadose Environment, Van-
clooster et al., 1994). WAVE integrates four existing models; one dimensional soil
water flow based on SWATRER (Dierckx et al., 1986), nitrogen cycling based on
SOILN (Bergstrom et al., 1991), heat and solute transport based on LEACHM (Wa-
genet & Hutson, 1989) and crop growth based on SUCROS (Spitters et aI., 1989).
WAVE requires input data on crop, soil type, planting and fertilisation dates and
doses, i.e. data that define the input variables of the different management tracks.
The basic simulation runs concerned weather data of an average (1983), a wet (1987)
and a dry year (1996). The amounts of mineral N available measured at the fields in
February 1997 served as input for WAVE. 100 Kg N ha- L and 116 kg N ha-1 in the
soil layer 0-100 cm was observed for fields 6 and 2, respectively, which is rather
high compared to average values of other years (51 kg ha-1 according to Smit et al.,
1995). The simulations were carried out for both winter wheat and ware potato.
Therefore, the basis simulation runs were carried out for 2 fields * 2 crops * 12 man-
agement units * 15 management tracks * 3 weather types, which brought the total
number of runs up to 2160.
The study fields
The study was done for two fields ('field 6' (11.6 ha) and 'field 2' (9.9 ha)) at the
commercial arable farm of the Van Bergeijk family on light clay soils in the South-
western part of The Netherlands; see Van Alphen & Stoorvogel (2000a) for a de-
scription. In previous research, a detailed 1:5000 soil survey had been done at the
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Van Bergeijk farm, accounting approximately 6 soil samples per hectare (Van
Alphen and Stoorvogel, 2000a). The soil maps showed that field 6 had more varia-
tion than field 2, especially in organic matter content.
The fields were divided in management units by means of a pre-run of the bio-
physical simulation model for extreme (very dry or very wet) conditions at point lev-
el. Management units are defined as areas within a field with identical growing con-
ditions (Van Alphen & Stoorvogel, 2000a) and can be assessed by combining those
simulation points with similar reactions to extreme weather conditions. Fields 6 and
2 were divided in 12 units, composed of2 yield classes * 2 N-leaching classes * 3 N-
reserve classes. These management units explained more than 75% of the observed
variation.
Assessment ofthe output variables ofthe management tracks
Part of the output variables of the management tracks was directly generated by
WAVE (yield, post-harvest N-Ieaching and post-harvest N-reserve); other variables
required an additional assessment. To assess the output variables on costs and risks,
calculations had to be done based on the results of the simulations. The costs of N-
fertiliser were determined as the total N-rate proposed in the track, times the price
per kg N fertiliser. Product prices were taken from Spigt et ai. (1997) and were based
on the average farmers' prices in the last several years for the region South-western
Clay Region. Some of the other cost items in the overview published, like costs of
drying, cleaning, insurance and interest, are yield-dependent but small and fixed fig-
ures have been used in our calculations. The variable costs were considered to be
equal for all weather types, except those of fungicides; in the wet and dry years, dou-
ble and half doses respectively were applied in comparison to the average year. This
rule of thumb can be observed in practice, especially in ware potato growing, where
the period between two successive sprayings against Phytophthora infestans is dou-
bled in dry years and halved in wet years (Janssen, 1996).
The gross revenues, required to calculate the returns over variable costs, were cal-
culated as (marketable) yield * product price. We used 0.25 Dfl kg-1 and 0.20 Dfl
kg-1 as basic product prices for winter wheat and ware potato, respectively. In the
case of winter wheat, the revenues calculated were raised with a fixed (i.e. yield-in-
dependent) straw yield of 465 Dfl ha-1 and an EO-compensation of 847 Dfl ha-1, as-
suming that the farmer fulfilled the relevant legal requirements (Spigt et al., 1997).
For the assessment of the changes in environmental risks we defined thresholds
for 'high N-Ieaching' and 'high N-reserve' as 'above 20 kg ha-P and 'above 42 kg
ha-L', respectively for both crops. The threshold value for 'high N-Ieaching' was se-
lected in such a way that about 10% of the tracks studied had higher N-leaching out-
comes in preliminary WAVE-simulations. The value for 'high N-reserve' represents
the threshold to be regarded to avoid nitrate contents of more than 50 mg l-L in
ground water, which is the E.U-threshold (Verhagen, 1997). To assess the risk vari-
ables, one track for each crop was analysed in detail with weather input of a series of
15 years (1983-1997). From the time series runs over 15 years, frequency distribu-
tions of yield, N-Ieaching and N-reserve were derived for the crops, the field and the
management track studied. From the distributions, the probabilities or risks that the
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yield, the N-leaching and the N-reserve would be lower, equal and higher respective-
ly than acceptable levels were calculated. For the latter two variables, the associated
frequency distributions provided the probabilities. Next, risks were assessed for the
other 14 tracks studied using the average values of 4 points * 15 years. For every
track, the N-leaching and N-reserve values simulated were divided by the corre-
sponding average values of the 60 points in the time series and multiplied with the
corresponding probability.
For the calculation of risks on returns over variable costs, an extra calculation had
to be made. Assuming farmer's income objective to maximise returns over variable
costs, minimum levels were set at 2,500 Dfl ha-1 and 8,000 Dfl ha-1 for winter wheat
and ware potato, respectively (selected in such a way that about 10% of the tracks
studied had lower returns over variable costs). From these net returns, minimum
yield levels were calculated, which were different per track, since the variable costs
differed per track. Moreover, both the calculated yield level and calculated variable
costs differed for the three weather types. The probability of not reaching a certain
yield was derived from the frequency distributions. We assumed that the frequency
distributions of yield, N-leaching and N-reserve were the same for field 2 and field
6.
Linear programming
The direct and indirect results of WAVE-runs were included in a linear programming
(l.p.) model. This type of model is frequently used for decision support in farm man-
agement, particularly when environmental aspects are involved; see e.g. Verhoeven
et ai. (1995) and Wossink & Rossing (1998). A generic formulation is (Pannell,
1997):
MaxZ= c'x
subject to Ax:S; b x ~O
The l.p. model maximises Z, the total returns over variable costs over the total field,
i.e. summed over all management units; x is the vector of management tracks (or the
areas cultivated according to the management tracks) for each of the various man-
agement units at the field, c' is the matrix with prices of inputs and outputs, and A is
the matrix of input and output characteristics of the management tracks. The vector
of constraints, b, includes the available area per management unit and, optionally,
pre-set thresholds for the N-leaching and/or N-reserve figures and/or the risks that
maximum values for one or both of these would be exceeded and/or the risk that
minimum returns over variable costs would not be reached.
Uniform and SSM-applications of nitrogen were compared through a series of 24
l.p. calculations (2 fields * 2 crops * 3 weather types * 2 tactics (uniform or SSM) =
24 l.p. runs). In the case of uniform application, in which management units were
not separately optimised, weighed averages of coefficients per management track
(yields, leaching figures, reserves, risks, returns over variable costs, etc.) were cal-
culated for the total field. N-fertilisation was then optimised based on average coef-
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ficients. With SSM application, we selected the optimal track per unit and after-
wards the coefficients of the tracks selected were weighed. To assure that only one
track per management unit was selected, a boolean variable was included in the l.p.
model.
To study the profitability of SSM under different market and policy conditions,
the series of 24 l.p. calculations was repeated for two alternative scenarios: (1) an
output price cut scenario and (2) an emissions levy scenario. In the first scenario,
product prices of winter wheat and ware potato were lowered to 0.20 Dfl kg- 1 and
0.15 Dfl kg-I, respectively. In the second scenario, the original product prices were
applied, but a more or less arbitrary levy of 10 Dfl (kg N leached)-l was introduced.
Returns to investment
Besides potential for yield increase and reduced input use, key factors in SSM prof-
itability are the acreage over which the fixed costs can be spread and the amortisa-
tion period over which soil testing, mapping costs and equipment can be used
(Lowenberg-De Boer & Aghib, 1997). The two tactics (uniform versus SSM) may
lead to differences in average figures per ha for yield, variable costs and returns over
variable costs, and the various risks discussed. Maximum investments to be allowed
for were calculated from the extra returns over variable costs. We used the net pre-
sent value method (see e.g. Hickman et al., 1996) with an interest rate of 4%
(Anonymous, 1997), a depreciation term of 10 years and possible application of
SSM at an area of 100 ha. Additional mapping, soil sampling and labour costs were
not taken into account.
Results
Management tracks
In total, 15 management tracks were defined, differing in total N-rate, and in num-
ber, dose and timing of (split) applications. For each field, there were 12 * 15 = 180
management tracks. In winter wheat, the total N-rate and number of split applica-
tions varied between 70 kg ha-1 and 300 kg ha-1 and between 2 and 5, respectively. In
ware potato, the N-fertilisation rates and the number of applications were 60 kg ha-1
- 360 kg ha-1 and 1-3, respectively (Tables 1A and 1B).
Figures 2A and 2B show results of the WAVE simulations for kernel yields and N-
leaching N-reserves respectively for winter wheat at field 6 in an average year. The
graphs for field 2 and for potato grown on both fields are comparable and not in-
cluded here. Note: In Figures 2A and 2B, two points per unit are given at an N-rate
of 270 kg ha-1; this is due to two timing alternatives of fertiliser applications. Most
N-rates/management tracks simulated gave yields in the horizontal parts of the
curves. Notice that there is a significant variation between management units in the
responses to additional N in the range of 70 kg ha-1 to 180 kg ha-1• Therefore, differ-
ences can be expected in optimal N-rates between uniform and SSM application par-
ticularly in this range. As visualised in Figure 2B, N-leaching widely differed at the
different management units of field 6. Some units showed relatively high N-leaching
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Table IA. Management tracks with two to five N-applications in winter wheat. References: De long
(1986); Spigt et al. (1997); Darwinkel & Zwanepol (1997); W. Stol (PRI, pers. comm., 1997).
Track N-application rates at different crop growth stages' (kg ha-') Total N-rate
number (kg ha-')
Starting date2 F5 F6-7 F8 F9-10
1 40 0 30 0 40 110
2 40 0 30 0 0 70
3 80 0 30 0 40 150
4 80 0 30 60 40 210
5 80 0 60 0 40 180
6 80 0 60 60 40 240
7 80 30 30 0 40 180
8 80 30 30 60 40 240
9 80 30 60 0 40 210
10 80 30 60 60 40 270
11 80 60 30 0 40 210
12 80 60 30 60 40 270
13 80 60 60 0 40 240
14 80 60 60 60 40 300
15 80 0 180 0 40 300
I We assumed a basic application before the growing season (as soon as soil and weather conditions al-
low application without damage to crop or soil ('workability'; Van Wijk & Buitendijk, 1988)) and
one to four additional (split) applications during the season; F-stages refer to the development scale
of Feekes, which is included in many textbooks on wheat, e.g. Darwinkel & Zwanepol (1997). DVS
means 'development stage', being a mainly temperature-driven variable in model WAVE.
F5 = DVS 0.41: the leaf sheaths are strongly erected;
F6~7 = DVS 0.50: one or two nodes are observed;
F8 = DVS 0.64: the last leafjust becomes visible;
F9-10 = DVS 0.82: just before the ear appears.
2 Assuming a required level of(140 kg ha-1 - Nmin.O-lOOom) and Nmin.O-lOOom = 60 kg ha-1•
figures for N-rates over 150 kg ha-1• Variation in field 2 was found to be similar.
The results as presented in Figures 2A and 2B were used to calculate the returns
over variable costs for each of the N-rates/management tracks applied at the 12 man-
agement units of field 6 (Figure 3). The maximum net returns varied between 2,900
Dfl ha-1 and 3,000 Dfl ha-1 and were achieved at N-rates of 70 kg ha-1, 110 kg ha-1,
150 kg ha-1 or 180 kg ha-1 depending on the management unit. Some management
units appeared to be particularly sensitive to N-rates below 150 kg ha-1 and showed
large reductions in net returns compared to the associated maximum level. Three
more sets of results were generated, namely for wheat at field 2 and for ware potato
grown at fields 2 and 6 (not presented here). Fields 2 and 6 had different organic
matter contents; this had its effect on within-field differences in mineralisation ca-
pacity, which was included in the simulation.
Economic optimisation ofN-fertilisation
Figure 3 presents results for wheat, an average weather year and field 6. These out-
comes and those for ware potato, field 2 and dry and wet years were used in the basis
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Table IB. Management tracks with one to three N-applications in ware potato. Reference: Van Loon et
al. (1993).
Track N-application rates at different crop growth stages1 (kg ha-1) Total N-rate
number (kg ha-1)
Starting date2 02 03
1 90 0 0 90
2 60 0 0 60
3 120 0 0 120
4 120 40 0 160
5 120 40 40 200
6 120 80 0 200
7 120 80 40 240
8 160 0 0 160
9 160 40 0 200
10 160 40 40 240
11 160 80 0 240
12 160 80 40 280
13 200 80 0 280
14 200 80 40 320
15 200 80 80 360
1 We assumed a basic application just before or after planting and one or two additional applications af-
ter emergence:
02 = start of tuber formation;
03 = additional application 3 weeks later.
2 Assuming a required level of (265 kg ha-1 - 1.1 *Nmin.o-6o em) (being the average equation of yield and
quality focused recommendations, respectively) and Nmin.O-60 em = 60 kg ha-1 on clay soil.
series of 24 l.p. calculations to assess the differences between uniform and SSM-ap-
plications of nitrogen, as discussed earlier. Table 2 gives the resulting average opti-
mal N-rates/management tracks for either uniform or SSM application.
For all crop/weather type combinations except one (winter wheat/wet), the optimal
N-rate for uniform application was the same for the two fields. For three out of four
objects with an average or wet weather type, SSM had a higher or equal optimum N-
rate compared to the corresponding uniform treatment. In the dry year, three out of
four objects had a lower or equal optimum N-rate in the SSM-case. Further analysis
showed that in case of higher average optimal N-rates for SSM compared to uniform
application, the SSM-objects had higher kernel or tuber yields, higher post-harvest
N-Ieaching and mineral N-reserves and increased risks of high N-Ieaching and N-re-
serve (data not given). In case of lower average optimal N-rates for SSM compared
to uniform application, the SSM-objects always had lower figures for post-harvest
N-Ieaching and mineral N-reserves and for the risks. However, the kernel or tuber
yields were not necessarily lower than in uniform treatments but in some cases even
higher, which suggests a more effective utilisation of the nitrogen applied to the dif-
ferent soil units.
Tables 3A and 3B summarise the effects of SSM in winter wheat and ware potato;
they give average figures for both crops separately, weighed over weather types and
over fields. The likelihood of the average, wet and dry years was assumed to be 50%,
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Figure 2A. Kernel yield of winter wheat at field 6 in an average year (1983) vs. N-fertilisation rate.
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25% and 25%, and the total areas of fields 6 and 2 were taken into account, being
11.9 ha and 9.9 ha, respectively. Table 3A shows that, conditional on the validity of
the WAVE simulations, SSM improved different aspects of sustainability: (I) yield
increased, (2) returns over variable costs increased, (3) N-leaching decreased, and (4)
the risks on high N-leaching or high N-reserves decreased. For the other aspects, re-
sults deteriorated: (I) the risk of low returns increased, and (2) the average N-input
increased. However, the changes were relatively small. In Table 3B, most effects of
SSM have the same sign as in Table 3A. However, in potato growing (I) the variable
costs decreased as a result of a decreasing N-rate, (2) the N-reserve decreased, and
Table 2. Average optimal N-rates in winter wheat and ware potato at two fields of the Van Bergeijk
fann, Voome-Putten. simulated with WAVE and optimised with linear programming for three weather
types and two tactics: uniform and SSM-application of chemical N-fertiliser.
Object Optimal N-fertilisation rate (kg ha- l ) with weather type:
(croplfield
combination) Average Wet
Unifonn SSM Uniform SSM
Winter wheat, field 6 150 162 150 132
Winter wheat, field 2 150 156 110 120
Ware potato, field 6 160 143 160 171
Ware potato, field 2 160 160 160 168
Netherlands Journal ofAgricultural Science 48 (2000)
Dry
Unifonn SSM
110 118
110 110
120 107
120 119
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Table 3A. Average effects of SSM in winter wheat growing, weighed over two fields and over three
years or weather types (explained in the text).
Variable Method ofN-fertilisation Effects
of SSM
Uniform' Site specific
Kernel yield (kg ha-I) 10,864 10,919 + 55
Variable costs (Oft ha- I) 1,241 1,247 +6
Returns (Oft ha- I) 2 2,789 2,795 +8
N-Ieaching (kg N ha- I) 8.4 8.3 -0.1
N-reserve (kg N ha- I) 31.6 31.6 0
Risks on:
Low returns ('Yo) 3 7.1 7.2 + 0.1
High N-Ieaching ('Yo) 4 17.5 17.2 -0.4
High N-reserves ('Yo) 5 29.6 29.4 -0.2
Average N-rate (kg N ha-') 135 140 +4
I The field studied is treated as a uniform management unit. Each management unit of the fields studied
has its own coefficients for output variables (yield, costs, N-Iosses, etc.), which were used to optimise
each unit. The results of the SSM column were calculated as weighed averages over area. In the case
of uniform treatment, the coefficients of each output variable were first weighed over area and after-
wards the field as a whole was optimised.
2 over variable costs.
3 less than 2,500 Oft ha- I •
4 higher than 20 kg ha- L•
5 higher than 42 kg ha- I •
Table 3B. Average effects of SSM in ware potato growing, weighed over two fields and over three years
or weather types (explained in the text).
Variable Method ofN-fertilisation Effects
of SSM
Tuber yield (kg ha- l )
Variable costs (Oft ha- ')
Returns (Oft ha- ') 2
N-Ieaching (kg N ha- ')
N-reserve (kg N ha- I )
Risks on:
Low returns ('Yo) 3
High N-Ieaching ('Yo) 4
High N-reserves (%) 5
Average N-rate (kg N ha- ')
1.2.4. 5 see Table 3A.
less than 8,000 Oft ha-'.
Uniform'
60,217
3,432
8,612
22
41
24
23
35
150
Site specific
60,268
3,425
8,628
21
35
24
22
33
146
+ 51
-6
+ 16
- 1.0
-5.7
- 0.1
- 1.0
-2.5
-4
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(3) the risk oflow returns decreased. The increase in returns was 16 Dfl ha-1, which
was about twice the net returns in winter wheat. More details on the changes in N-
leaching in the different crop/field/weather type combinations are given in Table 4.
Table 4 shows that the effect of SSM on N-Ieaching was different with (1) differ-
ent weather types, (2) different crops, and (3) different fields. Remarkably, the aver-
age N-Ieaching over two fields increased in the average and dry years in the case of
winter wheat and decreased in the case of ware potato. For the wet year, an increase
was found for ware potato and a decrease for winter wheat, although the latter effect
was different for fields 6 and 2. A similar risk analysis was carried out for returns
over variable costs (Table 5).
Table 5 shows that the effect of SSM on returns was always nil or positive, since
the uniform treatment formed the lowest level of opportunities. As with N-Ieaching,
the effects of SSM were different with (l) different weather types, (2) different
crops, and (3) different fields. The average effect over fields was highest in the wet
year for both crops. The differences were large for ware potato in both the wet and
dry years, but not for winter wheat in the dry year. In general, SSM in field 2 showed
Table 4. Average effects of SSM on post-harvest (harvest - I January) N-Ieaching (in kg ha- I ) compared
to uniform N-fertilisation.
Crop/field Winter wheat Ware potato
Weather type Weather type
Average Wet Dry Average Wet Dry
Field 6 +0.6 -5.8 +1.1 ~4.0 + 5.5 -6.6
Field 2 +0.4 + 2.1 0 ~ 0.1 + 3.0 -0.5
Average I +0.5 -2.2 + 0.6 -2.2 + 4.4 - 3.8
I weighed over the respective areas of two fields.
Table 5. Average effects of SSM returns over variable costs (in Dfl ha- I ) compared to uniform N-fertili-
sation.
Crop/field
Field 6
Field 2
Average I
Winter wheat Ware potato
Weather type Weather type
Average Wet Dry Average Wet Dry
+9 + 22 +6 + 15 + 24 + 38
+ I + II 0 0 + 23 +4
+5 + 17 +3 +8 + 24 +23
Overall average 2 +8 + 16
I weighed over the respective areas of two fields.
2 weighed over the respective areas of two fields and the three weather types.
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less profit than in field 6, although the difference between both fields was small for
ware potato in the wet year.
In alternative scenario 1, the output price cut scenario, optimal track selection did
not change and hence only the financial differences between uniform and SSM-ap-
plications decreased. The results of scenario 2 with an emission levy are given in
Table 6. In this case, the selection of tracks did change for a number of management
units. Returns over variable costs changed too, depending on the relevant N-leaching
figures. The results of the levy-study enable a trade-off assessment of N-leaching
and returns, which can be important in governmental policy-making. According to
our calculations, a levy of 10 Oft ha~l led in general to a decrease of post-harvest N-
leaching of 1.2 kg ha-1 and 4.0 kg ha-1 for winter wheat and ware potato, respective-
ly. The weighed decrease in returns per kg N-leached reduced was 810ft kg-1 and 53
Oft kg~l for winter wheat and ware potato, respectively.
Maximum investments
Table 5 shows that the average increase of returns over fields and weather types was
8 Oft ha-1 and 16 Oft ha-1 for winter wheat and ware potato, respectively. The addi-
tional returns listed translate into maximum costs and investments in precision farm-
ing equipment of 6,300 Oft and 13,500 Oft for an area of 100 ha winter wheat and
ware potato, respectively.
Lower product prices will decrease the extra returns from SSM - assuming that all
other factors stay constant, especially the level of variable costs and the N-use effi-
ciency of different (new) varieties (results not listed). The opposite conclusion holds
for the case of stricter environmental regulations. Under scenario 2, the weighed in-
crease in returns over fields and weather types was 9 Oft ha-1 and 40 Oft ha-1 in win-
ter wheat and potato growing, respectively. In scenario 2, SSM of nitrogen would
still be profitable at additional costs and investments up to 7,600 and 33,700 Oft, re-
spectively with application at 100 ha.
Table 6. Average effects of SSM returns over variable costs (in Dfl ha- I ) compared to uniform N-fertili-
sation in the case of an emission levy.
Crop/field
Field 6
Field 2
Average 1
Winter wheat Ware potato
Weather type Weather type
Average Wet Dry Average Wet Dry
+5 + 39 + 16 + 70 +40 + 115
0 0 0 + 15 +2 + 38
+3 + 21 +9 +38 +22 + 62
Overall average 2 +9 +40
1 weighed over the respective areas of two fields.
2 weighed over the respective areas of two fields and the three weather types.
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Discussion
Interpretation ofthe results
The results presented refer to specific fields and conditions and to two specific
crops. Taking into account different fields, different years, different crops, different
additional sampling costs, different scenarios, additional labour costs and last but
not least different biophysical simulation models could affect the calculated results
of SSM. We assumed that WAVE produced reliable results concerning crop growth,
the response of wheat and potato to different regimes of timing of N, and the soil N
budget, including denitrification. This assumption was supported by various find-
ings by Van Alphen & Stoorvogel (2000a,b), who compared observed and WAVE
simulation results during the growing season for the same fields and crops as in this
model study. In some cases, crop growth was overestimated; this could be explained
by disease losses, which were not included in the model. But even if the model re-
sults were less reliable, the logic remains that input optimisation per soil unit must
result in equal or (most likely) better overall results than uniform whole field treat-
ments.
The crop response function in the biophysical simulation model is decisive for the
assessment of the management tracks. Particularly, this function should have a high
resolution for N-rates close to the economic optimum; see e.g. De Koeijer et al.
(1998). Fine-tuning of tracks (especially of total N-rates) near the economic opti-
mum may give a more refined selection of tracks. However, it is uncertain that such
would give higher increases of returns for SSM, because also improvement of the
uniform treatments could be expected. The shape of the crop response curve is also
crucial to the discussion whether SSM leads to higher or lower N-rates on fertile and
less fertile units in the field, respectively. We found no unequivocal answer - SSM
could lead to higher, equal or lower N-rates in both fertile and less fertile units, de-
pending on the shape of the production curve.
The literature generally emphasises the variations in soil characteristics and the
type of crop as two key factors deciding the benefits of SSM (Robert et al., 1995).
Field 6 had a higher degree of variability than field 2, especially in organic matter
content, and we indeed found that returns to SSM were higher at field 6 in all three
scenarios for both crops. However, frequently the same tracks were optimal for the
different management units, although the potential and actual yield levels were very
different (Probably, this is partly the result of the limited number of tracks). So, it is
not the variability in soil characteristics that determines returns to SSM but merely
the variability among management units in crop response. Several studies have also
noted that the economics of SSM will be biased towards input-intensive crops, that is
that the profitability is higher for crops with higher levels of input use (see e.g.
Lowenberg-De Boer and Boehlje, 1996). SSM in ware potato (with returns of about
6,000 Dfl ha-' - 9,000 Dfl ha-
l ) was indeed more profitable than in winter wheat
(with returns between 2,500 Dfl ha- l and 3,000 Dfl ha- l in all scenarios).
Partial analysis
The major challenge of the evaluation of SSM is to account fully for all benefits and
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costs. Benefits can take many forms. The only benefits we measured are single year
yields and cost and yield changes for two crops and only one input. Our analysis is
therefore partial, as is common with economic studies of SSM; see the overview pre-
sented by Lowenberg-DeBoer & Swinton (1997). Other potential benefits are carry-
over fertiliser effects, improved quality of produce and the effects of managing mul-
tiple inputs with the same SSM investment. Baking quality of winter wheat and tuber
size distribution of ware potato affect product price and thus returns. SSM may also
become more profitable when other nutrients and biocides are included. However,
more equipment will then be required and the division of fields in management units
may become more complicated. Additional research (also in a technical sense) is re-
quired to complete the overview of possible SSM benefits.
Linear programming
N-response curves are typically non-linear. This means that they have to be approxi-
mated. This can be done by describing a limited number of management tracks. Con-
sequently, the methodology depends heavily on the definition of these management
tracks. In this specific study the N-response curve is described by 15 different man-
agement tracks. The crop-response to increased fertilisation (Figure 2A) shows that
few options were given to the model in the trajectory of the curve where effects can
be expected (between 75-150 kg ha- I ). Additional management tracks in this part of
the curve may increase the positive effect of SSM.
Use in practice
Good spatially variable management cannot be achieved unless good farming prac-
tices, particularly soil testing and crop scouting, are already in place (Schueller,
1996). SSM would require even higher managerial skills of computer and data use.
Besides, time specific management is required. Our analysis showed that the optimal
N-fertilisation tracks selected differed over years or weather types. Therefore, it is
not possible to assess the best tracks beforehand and to blindly apply them during the
season. Time-specific management, as studied by Van Alphen & Stoorvogel
(2000b), could solve this problem. The first results of their research are hopeful.
More research is required to assess the feasibility and profitability of the combina-
tion of time and site specific management.
Conclusions
1. Nitrogen management tracks provide a useful tool for the decision support in SSM
and can be assessed by the combined use of biophysical simulation and economic
optimisation techniques.
2.In our case study, conditional on the validity of the WAVE simulations, site specif-
ic nitrogen management led to positive returns over variable costs compared to
uniform N-application. The extra net returns were 8 Dfl ha-1 and 16 Dfl ha-1 for
winter wheat and ware potato, respectively. Assuming application to an area of 100
ha, these extra returns allow for investments up to 6,300 Dfl and 13,500 Dfl, re-
spectively. A pollution tax or a tax on nitrogen designed to internalise pollution
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costs in agricultural production raises these maximum amounts to 7,600 and
33,700 Dfl, respectively. Note that in both scenarios, additional mapping, soil sam-
pling and labour costs were not taken into account.
3. The first requirements for practical feasibility of SSM are 'good agricultural prac-
tice' and support systems for time specific nitrogen management.
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